identical interacting regions in the catalytic and regulatory domains of CaN proteins. Hence, fungal FKBP12s have emerged as potential targets for the development of broadly acting antifungal agents (21) . The development of novel antifungal agents that specifically target the FKBP12 component in this pathway would be significantly aided by the structural elucidation of these proteins.
While there are currently no structures available for the fungal pathogen FKBP12s, multiple structures of FKBP12 and highermolecular-weight FKBPs from humans and other organisms (including the model yeast Saccharomyces cerevisiae) have been determined in both their apo states and in complex with FK506 and rapamycin (27, 33, 34) . These structures reveal that the FKBPs share the same overall fold that includes a five-to six-stranded ␤-sheet that wraps around an ␣-helix. Three extended loops, which have been called the 40s loop (between ␤2 and ␤3), the 50s loop (between ␤3= and ␣1), and the 80s loop (between ␤4 and ␤5), surround a deep active-site pocket that binds both FK506 and rapamycin (18, 19) . Despite the numerous structural, biochemical, and in vivo studies of FKBPs that have been carried out, their substrate specificities and catalytic mechanisms are still unclear. Indeed, there are no structures available for an FKBP12-substrate complex. The only structure that gives some insight into this enzyme-substrate interaction is the structure of the FKBP domain from Plasmodium vivax FKBP35 (PvFKBP35) in complex with the unnatural tetrapeptide substrate succinyl-Ala-Leu-Pro-Phe-pnitroanilide (35) . However, the physiological relevance of this structure is unclear, as data showed that PvFKBP35 is a monomer and in the crystal structure the substrate peptide is bound between two subunits of a crystallographic dimer.
To gain insight into the structure and function of the FKBP12s of C. albicans, C. glabrata, and A. fumigatus, we performed structural, biochemical, and genetic studies. Strikingly, the C. albicans and A. fumigatus FKBP12 apo structures all revealed the deep insertion of a proline located in the 80s loop into the ligandbinding pocket of a neighboring FKBP12 subunit. This interaction was not observed in the C. glabrata structure, which does not have the corresponding proline residue. Comparison of the apo structures with FKBP12-FK506 complexes reveals that this "selfsubstrate" overlaps the binding site of FK506. As FK506 is a transition state analog, these data suggest the possibility that these fungal FKBP12s might function as their own substrates. To test this hypothesis, we generated a single-cysteine mutant that was able to trap the self-interacting dimer, showing that it forms in solution. We also performed genetic studies to probe the effects of mutations in the 80s loop of A. fumigatus FKBP12. The combined studies support the possibility that the A. fumigatus and C. albicans FKBP12s may function as their own substrates, lending unique insight into this conserved and targetable fungal protein.
RESULTS
Structures of the apo A. fumigatus and C. albicans FKBP12s. The C. albicans and A. fumigatus FKBP12s represent potential drug targets in treating invasive fungal infections. To gain insight into the structures and functions of these proteins, we determined their crystal structures. Three different crystal forms of the apo C. albicans FKBP12, to resolutions of 1.99, 2.3, and 2.4 Å, were obtained ( Table 1) . The FKBP12 subunit structures of the three crystal forms are essentially identical (root mean square deviations [RMSDs] of~0.2 to 0.4 Å for superimpositions of corresponding C-␣ atoms) ( Fig. 1A and B) . Structural homology searches with DALI revealed that the C. albicans apo FKBP12 structures show significant structural homology to all FKBP12s, with the strongest similarity to the human protein (Protein Data Bank [PDB] code 1d7h); superimposition of corresponding C-␣ atoms of the C. albicans and human FKBP12 structures resulted in an RMSD of 1.02 Å (Fig. 1C) . Like other FKBP12 structures, the C. albicans protein harbors the typical core FKBP12 structure, which consists of a five-stranded ␤-sheet wrapped about the central helix. In addition, C. albicans FKBP12 has an insert of 12 residues between ␣1 and ␤4 ( Fig. 1A and C) . Despite the extra residues in the insert region of the C. albicans structure, it contains the same pocket as other FKBPs, which is framed by the 40s, 50s, and 80s loops (Fig. 1C) . Tonthat et al.
C. albicans apo FKBP12 structures reveal intermolecular contacts between active sites. While the C. albicans apo FKBP12 structure is very similar to previously determined FKBP12 structures, an unexpected finding that emerged from analysis of the crystal packing was that despite being obtained under very different crystallization conditions with distinct crystal lattices, all three C. albicans apo FKBP12 structures displayed the same intermolecular interactions between subunits ( Fig. 2A) . What is notable about this interaction is that the 80s loop of one subunit docks into the active site of the adjacent subunit and vice versa, suggesting that the loop may act as a substrate. Indeed, Pro104, which is located at the tip of the loop, is inserted most deeply into the cases, an intermolecular contact is formed in which the 80s loop is inserted into the active site of an adjacent molecule. The interaction is symmetric, and hence, each dimer has two "substrate" interactions. Pro104, which is located at the tip of the 80s loop and shown as a CPK model, is the most deeply inserted side chain, and it contacts key residues shown to be important for FKBP12 PPIase activity. (B) Stereo view of the two-fold related 80s loop active-site interactions in the C. albicans apo FKBP12 structures. Notably, a previous study (36) showed that residues Asp41, Val59, and Tyr97 are critical for FKBP12 PPIase activity. In the structures, these residues directly contact or form part of the pocket for binding of the Pro104 side chain. Notably, the Asp41 side chain makes hydrogen bonds with the Pro104 carbonyl oxygen in each pocket. pocket and is surrounded by residues that have been implicated, via mutagenesis, to be involved in FKBP PPIase activity (36, 37) . Three residues, in particular, were implicated as important for FKBP12 catalysis and correspond to Val59, Asp41, and Tyr97 in the C. albicans protein (Fig. 2B ). These residues all make direct contacts with Pro104, which rests within an aromatic cleft formed by Tyr30, Phe50, and Trp63 (Fig. 2B) . Notably, the interface in the C. albicans FKBP12-FKBP12 interaction is minimal (burying 592 Å 2 from solvent), which suggests that, like known substrateenzyme complexes, the proteins form a weak interaction; typical dimer interfaces bury Ͼ2,000 Å 2 of surface from solvent. Although most of the contacts that hold the loop in position in the active site are with the central Pro104, additional hydrophobic contacts with Ile102, Pro103, and Ile105 are provided, while Arg100 makes hydrogen bonds with the carbonyl oxygens at the edge of the pocket.
Studies have indicated that the immunosuppressant FK506 functions as a transition state mimic when bound to FKBPs (19) .
Comparison of the C. albicans FKBP12 apo structure with FKBP12-FK506 structures reveals that the 80s loop binds in the same pocket as FK506. However, to confirm that this is indeed the catalytic pocket in the C. albicans protein, we next sought to determine the C. albicans FKBP12-FK506 structure. Interestingly, initial attempts to obtain crystals of the protein-FK506 complex failed, as the intermolecular interaction appeared to be strongly favored, leading to the production of the same apo crystal forms. Thus, we generated a P104G mutation in C. albicans FKBP12 and crystallized and obtained the apo FKBP12(P104G) structure to 2.0 Å (Table 1) . Strikingly, this structure did not harbor the selfcatalysis-like interaction (see Fig. S1 in the supplemental material). We next used the FKBP12(P104G) protein to obtain the structure bound to FK506 ( Table 1 ). The structure revealed that, similar to other FKBP12-FK506 complexes, the immunosuppressant binds in the active-site pocket, surrounded by the 40s, 50s, and 80s loops. Comparison of this structure with the apo C. albicans structures with bound self-substrates revealed that the 80s loop that is inserted into the active site of the adjacent subunit binds in precisely the same location as the FK506 substrate/transition state homolog (Fig. 3) .
A. fumigatus FKBP12 structures: self-catalysis captured? Our data thus far revealed that C. albicans FKBP12 contains a proline residue at the tip of its 80s loop, Pro104, that, in the apo form, is inserted into the active site of a neighboring subunit. Sequence alignments revealed that A. fumigatus FKBP12 contains the same proline residue in its 80s loop that makes intermolecular interactions in the C. albicans protein ( Table 2 ; Fig. 4A ). Thus, to deduce if A. fumigatus FKBP12 might form a similar selfsubstrate-like interaction, we crystallized and determined the structure of the apo form of the protein. Remarkably, we observed the same insertion of the 80s loop of each subunit into the active site of the other subunit (Fig. 4B) . As for C. albicans FKBP12, we also had difficulty obtaining the structure of the A. fumigatus wildtype (WT) protein in complex with FK506. Thus, we generated the analogous mutation, P90G, and used that protein to obtain the FKBP12(P90G)-FK506 structure. As expected the FK506 molecule is bound in the same active-site pocket of A. fumigatus FKBP12 as in other FKBP12-FK506 complex structures (Fig. 4C) . Interestingly, unlike the C. albicans apo FKBP12 structures, which were all captured with Pro104 in the cis conformation, in the A. fumigatus structure, Pro90 in one subunit was bound in the cis conformation and Pro90 in the other was bound in the trans state, thus potentially providing a snapshot of self-catalysis (Fig. 4B) .
C. glabrata FKBP12 structures. Sequence alignments of FKBP12s from various fungal pathogens revealed that only the A. fumigatus and C. albicans proteins contain a central proline in the 80s loop. Another clinically important and often antifungalresistant Candida species, C. glabrata, contains a glycine at this location, suggesting that this protein would not form the intermolecular interaction. To test this prediction, we determined the structures of C. glabrata FKBP12 in its apo and FK506-bound states ( Table 3) . Examination of the packing revealed a close contact between the 80s loop of one subunit and an adjacent molecule in the apo crystals. However, here the 80s loop is not inserted into the active site of the neighboring molecule. Hence, as predicted, the C. glabrata FKBP12 structure shows no evidence of an intermolecular self-catalysis-like binding event (see Fig. S2 in the supplemental material). However, to ensure that it utilizes the same active site, we obtained the structure in the presence of FK506 to 1.3 Å. As this structure clearly shows, FK506 binds to the activesite pocket by using a binding mode identical to that used by C. albicans, A. fumigatus, and other FKBP12s, including human FKBP12 (Fig. 4C) .
Disulfide cross-linking captures the FKBP12 intermolecular interaction. While every structure of the WT apo A. fumigatus and C. albicans FKBP12s revealed the same interproline interaction, even under very diverse crystallization conditions, it remained possible that these were all crystallization artifacts. Thus, to assess if this interaction occurs in solution, we made a single cysteine mutation, V91C, in the A. fumigatus protein to try to capture a disulfide cross-linked complex. This residue was chosen for mutation because the structure revealed that the V91 and V91= (where the prime indicates the other subunit of the dimer) side chains are within Ͻ4.0 Å of each other and that when they are mutated to cysteines in silico they could form a disulfide bond in the intermolecular dimer. The A. fumigatus FKBP12(V91C) mutant was expressed in two Escherichia coli cell lines, C41(DE3) and SHuffle cells (see Materials and Methods). SHuffle cells constitu- tively express a chromosomal copy of the disulfide bond isomerase DsbC, which promotes disulfide bond formation in the cytoplasm. When the proteins were purified from both strains in the absence of a reducing agent and subjected to nonreducing SDS-PAGE, the samples revealed the presence of two species, which were consistent with FKBP12 monomers and dimers (Fig. 5A ). While the protein was not as well expressed in SHuffle cells, the samples purified from these cells ran primarily as dimers. When a reducing agent (␤-mercaptoethanol) was added, the proteins ran as monomers (Fig. 5A) . However, to ensure that the dimeric species in the gel was not an impurity that was sensitive to the reducing agent, we performed mass spectrometry of the dimer and monomer bands. The results confirmed that both species contained the A. fumigatus FKBP12(V91C) protein (data not shown).
We next separated the V91C dimer from the monomer via size exclusion chromatography and crystallized and solved the structure of the dimer to 3.2 Å resolution. The structure revealed a disulfide cross-linked dimer. Interestingly, although revealing the same general dimer that we observed in the A. fumigatus and C. albicans apo FKBP12 structures, in the FKBP12(V91C) structure (Fig. 5B) , Pro90 is slightly shifted from the active site and adopts a twisted conformation (Fig. 5C and D) , suggesting that the structure may have captured an intermediate state of catalysis. In fact, the conformation of the Pro90 residues in the structure is closer to the trans than the cis state and overlays of the trans state of the protein to form an all-trans dimer revealed a clash. This finding suggests the intriguing possibility that part of the mechanism of prolyl isomerization by FKBPs is dictated by the conformation of the substrate during catalysis. Indeed, the cis and trans states lead to structural changes in the loops and one state may be more favorable for binding of the active-site pocket than the other, thus determining the progress of the reaction.
Examination of the A. fumigatus FKBP12 interaction via Y2H analysis. To next assess if we could detect the A. fumigatus FKBP12 self-interaction in vivo, we employed the yeast twohybrid (Y2H) system. The pGADT7 and pGBKT7 vectors, which express the GAL4 activation domain (AD) and the DNA-binding domain (BD), respectively, were employed for these studies (see Materials and Methods; see Table S1 in the supplemental material). We utilized a specialized host strain (SMY4-1) derived from the Y2H host strain Y190 and rendered FK506 and rapamycin resistant by fpr1::ADE2 and TOR1-3 mutations that allow testing of the impact of these FKBP12 ligands on any interactions detected (38) . A. fumigatus WT FKBP12, FKBP12(P90G), and FKBP12(V91C) were tested. The N or C termini of the FKBP12s were fused with the AD (e.g., FkbA-AD or AD-FkbA), and the N termini of the FKBP12s were fused with the BD (e.g., BD-FkbA) (see Table S1 ). Interactions were assessed in the presence or absence of FK506 (1 g/ml) or rapamycin (1 g/ml) (see Materials and Methods) (38) . These experiments revealed no strong selfinteractions between the FKBP12s, suggesting that the proteins did not form stable dimers in the environment of the S. cerevisiae nucleus (Table 4 ; see Fig. S3 in the supplemental material). However, this was not necessarily surprising, since we did not expect strong interactions, given the low in vivo concentration of FKBP12 in the cell compared to that used for crystallization. Indeed, enzyme-substrate interactions cannot be tight, as that would prevent product turnover.
Interestingly, we did observe that there is potential variation in the interaction affinity between FKBP12 and its variants during control interactions with the FKBP12-rapamycin complexbinding (FRB) domain of the TOR protein. Specifically, when the N terminus of FKBP12 or FKBP12(V91C) was linked with the AD [AD-FkbA or AD-FkbA(V91C)], it did not interact with the FRB domain in the presence of rapamycin, in contrast to other fungal FKBP12s, which revealed a strong interaction with the FRB domain under these conditions (39, 40) . On the other hand, A. fumigatus AD-FKBP12(P90G) did reveal an interaction with the FRB domain in the presence of rapamycin. These data suggest that the properties of A. fumigatus FKBP12 may be altered by changing the amino acid at the 90th residue from proline to glycine.
We do not think that the failure to observe AD-FkbA or ADFkbA(V91C) binding to the FRB domain is due to complete occupation of the AD-FkbA active site by another AD-FkbA molecule forming the dimer, as we expect this type of self-interaction to be transient. Similarly, because the cytoplasm and nucleus are reducing environments, we do not think the FkbA(V91C) disulfide-linked dimer will be a predominant species under these conditions. It is possible that the conformation of the 80s loop in WT FkbA (or V91C) versus FkbA(P90G) influences the binding of the FKBP12-rapamycin complex to the FRB domain of the TOR protein.
A. fumigatus FKBP12(P90G) and FKBP12(V91C) mutations confer FK506 resistance. On the basis of our structural and biochemical studies, the FKBP12(P90G) mutant would be predicted to be unable to self-catalyze, while the FKBP12(V91C) mutant might have altered target-binding properties. To test this, A. fumigatus strains expressing FKBP12(P90G) and FKBP12(V91C) tagged with enhanced green fluorescent protein (GFP) were generated and assessed for susceptibility to FK506 treatment (Fig. 6A  to C) . The stability of the respective mutated proteins was verified by Western analysis (Fig. 6C) . As shown in Fig. 6A , both of the mutations induced relative FK506 resistance. FKBP12(V91C) exhibited greater resistance to FK506 than FKBP12(P90G) did ( Fig. 6A; see Fig. S4 in the supplemental material), indicating a potential loss of affinity for CaN. In order to examine the binding of the mutated FKBP12s to CaN, we also screened for their intracellular localization in the absence or presence of FK506. In the absence of FK506, FKBP12(P90G) and FKBP12(V91C) localized evenly throughout the cytoplasm and also in the nuclei (Fig. 6B) . Upon exposure to FK506, septal localization in a disc-like pattern, as noted earlier with CaN, was evident (Fig. 6B) . Interestingly, however, both the FKBP12(P90G) and FKBP12(V91C) proteins were still able to bind to CaN at the septa but to a lesser extent than WT FKBP12. Furthermore, FKBP12(V91C) showed 40 to 50% less septal localization than WT FKBP12, confirming its lower affinity for CaN. These observations support the idea that the sequence and conformation of the 80s loop can influence fungal FKBP12-FK506 binding to CaN, in accordance with previous studies of human FKBP12-FK506 binding to CaN (41) . 
DISCUSSION
The FKBP12s of the pathogenic fungi A. fumigatus, C. albicans, and C. glabrata have emerged as potential targets for drug design because of their role in the inhibition of CaN, a critical component of a cell signaling pathway essential for fungal pathogenesis (31) . FKBP12 inhibits CaN by binding the immunosuppressant FK506. This FKBP12-FK506 complex then docks onto CaN, preventing it from binding substrates. Hence, the design of fungus-specific inhibitors of this complex would be greatly aided by structures of fungal FKBP12s in the presence or absence of FK506 and FK506-like compounds. Therefore, we undertook the determination of the structures of the A. fumigatus, C. albicans, and C. glabrata FKBP12s in their apo and FK506-bound forms. The apo structures of the A. fumigatus and C. albicans proteins all revealed the unexpected finding that one of the loops, the 80s loop, is inserted into the active-site pocket of an adjacent subunit. This finding led to the hypothesis that the A. fumigatus and C. albicans FKBP12s may function to isomerize their own proline residues. Support for this notion comes from previous mutagenesis studies (36) that revealed that the central hydrophobic pocket where the prolines from the 80s loop bind is indeed the location of the PPIase active site. However, despite the large number of FKBP structures solved to date, no structure of an FKBP bound to a substrate is currently available, which has left the details of the PPIase mechanism unclear and has limited structure-based targeting design efforts. Thus, if the A. fumigatus and C. albicans FKBP12 apo structures have captured a self-substrate interaction, this would be significant, as it would indicate that these represent the first FKBPsubstrate complex structures. Support for this hypothesis was provided by the analysis of a cysteine mutant form of the A. fumigatus protein that trapped the interacting dimer.
The possibility that the 80s loop of the fungal proteins might function as a self-substrate would be of interest from a physiological standpoint, as studies have highlighted the 80s loop as a key region in the interactions of FKBP12s with other proteins (26) . As cis/trans isomerization impacts the conformation of this loop, it would therefore significantly impact the functions of FKBP12 outside their PPIase activity. Indeed, FKBPs, which are ubiquitous molecules with homologs found in bacteria to higher eukaryotes, carry out a wide range of functions, including roles outside their PPIase activity (26) . For example, studies with mice revealed that FKBP12 is critical for modulating the calcium release activity of both skeletal and cardiac ryanodine receptors (42) . FKBP12 was also shown to be a regulator of the cell cycle through its effect on transforming growth factor beta receptor signaling (20) . However, the specific functions of FKBP12 appear to vary dramatically between organisms. This diversity of FKBP functions has made analyzing the contributions of PPIase activity versus effector protein binding difficult and also indicates that the role of FKBP12 in each organism must be dissected individually. In this regard, it is currently not possible to obtain a clear genetic assessment of the hypothesis that the A. fumigatus and C. albicans FKBP12s act as their own substrates because the cellular roles of these proteins in these fungi have yet to be elucidated. Therefore, further studies are needed to deduce the potential importance of A. fumigatus and C. albicans FKBP12 self-catalysis and its possible effects on isomerization targets and interacting proteins and their impacts on resultant cellular pathways.
MATERIALS AND METHODS
Protein expression and purification. Genes encoding the C. albicans and A. fumigatus FKBP12s that were codon optimized for E. coli expression were purchased from the GenScript Corporation (Piscataway, NJ) and subcloned into pET15b such that a hexahistidine tag (His tag), cleavable by thrombin, was added to the N termini. The proteins were expressed in E. coli BL21(DE3) cells. For protein expression, cells were grown to an optical density at 600 nm of~0.6 at 37°C. At that time, the temperature was reduced to 15°C and isopropyl-␤-D-thiogalactopyranoside was added to a final concentration of 1 mM. The cultures were allowed to grow for an additional 14 to 16 h, and the cells were pelleted and lysed in purification buffer (300 mM NaCl, 20 mM Tris-HCl [pH 7.5], 20 mM imidazole). The proteins were purified from the soluble fraction of the lysate via Ni-nitrilotriacetic acid (NTA) chromatography. Fractions containing FKBP12 were pooled and treated with thrombin at 4°C for 14 to 16 h to remove the N-terminal His tag. The digested sample was then applied to an Ni-NTA column, and the flowthrough was collected and loaded onto a Superdex 75 size exclusion column (GE Healthcare) equilibrated in elution buffer (150 mM NaCl, 20 mM Tris-HCl [pH 7.5]). The fractions containing pure protein were pooled and concentrated for biochemical studies and crystallization.
Crystallization and determination of the structures of A. fumigatus and C. albicans FKBP12 apo and FK506 complexes. C. albicans FKBP12 was crystallized in three different space groups, P1, P2 1 2 1 2, and C2, by hanging-drop vapor diffusion. The P1 crystal form was obtained by using a mixture of 25% polyethylene glycol (PEG) 3000, 0.1 M NaCl, and 0.1 M Tris-HCl (pH 8.0) as a crystallization reagent. The P2 1 2 1 2 form grew in a solution of 2 M ammonium sulfate and 0.1 M citrate (pH 5.5), and the C2 crystal form was crystallized in a mixture of 25% PEG 8000, 0.1 M sodium acetate (pH 4.5), and 0.2 M lithium sulfate. Each hanging drop contained a 1:1 ratio of~10 mg/ml protein to crystallization reagent. The crystallization reagent supplemented with 25% glycerol was used as a cryosolvent. For cryopreservation, the crystals were dipped for several seconds in the cryosolvent prior to their placement in the liquid nitrogen stream. The 2PPN) . The A. fumigatus and C. glabrata apo structures were solved by using the C. albicans apo high-resolution structure as a starting model in MolRep. The FK506-bound structures were solved by using the requisite apo structures as starting models. All model building was carried out with COOT or O, and refinements were performed in PHENIX (42) . Mutant A. fumigatus FKBP12(V91C) construction, disulfide crosslinking experiments, and determination of the structure of the crosslinked dimer. Mutant A. fumigatus FKBP12(V91C) was made with the QuikChange kit. The pET15b plasmid expressing the mutant protein was transformed into C41(DE3) and SHuffle cells. The protein was expressed and purified in the same way as WT A. fumigatus FKBP12, except that no reducing agent was added at any step. The A. fumigatus FKBP12(V91C) dimer was separated from the monomer via size exclusion chromatography, and the His tag was cleaved before crystallization trials. The protein was concentrated to 30 mg/ml, and crystals were grown by mixing the protein solution 1:1 with a reservoir consisting of 1.5 M sodium citrate and 0.1 M sodium cacodylate (pH 6.5). Crystals grew within 3 h and were cryopreserved by being dipped for 1 s in a drop containing the crystallization solution supplemented with 25% glycerol. Data were collected and processed with MOSFLM. The structure was solved by MolRep with the A. fumigatus apo structure as a search model. The structure was refined with PHENIX (43) .
Construction of A. fumigatus FKBP12(P90G) and FKBP12(V91C) strains. A. fumigatus WT strain akuB KU80 was used for all transformation experiments and grown on glucose minimal medium (GMM) at 37°C (44). In certain experiments, GMM agar or RPMI liquid medium was supplemented with FK506 (0.1 to 10 g/ml). All radial-growth experiments were repeated three times, each in triplicate. E. coli DH5␣ competent cells were used for subcloning. Site-directed mutagenesis of two FKBP12 residues (P90G and V91C) was performed with the primers listed in Table S2 in the supplemental material and the pUCGH-FKBP12 plasmid (45) , consisting of 384 bp of the 637-bp fkbp12 gene (fkbp1/ Afu6g12170, http://www.aspergillusgenome.org) and~1 kb of the fkbp12 terminator sequence as the template. Briefly, in the first PCR, two fragments were amplified with complementary primers (with respective mutations) overlapping the fkbp12 region to be mutated and the respective primers at the N and C termini of fkbp12. No stop codon was introduced at the C-terminal end of fkbp12 to facilitate expression of the gfp fusion. Next, fusion PCR was done with equiproportional mixtures of the two PCR fragments as the templates, and the final mutated 384-bp fkbp12 PCR fragment was amplified with primers at the N and C termini of fkbp12 (see Table S2 in the supplemental material). Mutated fkbp12 fragments were digested with KpnI and BamHI and cloned into the pUCGH-FKBP12 plasmid by replacing the 384-bp WT fkbp12 PCR fragment to facilitate homologous integration. Mutated fkbp12 genes were sequenced (see Table S2 for the primers used) to confirm the mutation and linearized with KpnI for homologous integration. Linearized constructs were transformed into A. fumigatus akuB KU80 , and transformants were selected with hygromycin B (150 g/ml) as previously described (46) . Transformants were verified for homologous integration by PCR (see Table S2 and Fig. S5 in the supplemental material) and verified for accuracy of mutation by sequencing and fluorescence microscopy.
Protein extraction and Western analysis. A. fumigatus recombinant strains expressing respective WT and mutated forms of FKBP12-GFP fusion proteins were cultured in liquid GMM at 200 rpm for 24 h at 37°C. Crude extracts were prepared as previously described (47) . Approximately 50 g of protein electrophoresed on a 4 to 20% SDSpolyacrylamide gel was transferred onto a polyvinylidene difluoride 
a N termini of FKBP12s were fused with the GAL4 AD. b Both rapamycin and FK506 were used at 1 g/ml. c C termini of FKBP12s were fused with the GAL4 AD. membrane (Bio-Rad) and probed with a rabbit polyclonal antibody. The anti-GFP primary antibody (1 g/ml; GenScript) and peroxidase-labeled rabbit anti-IgG (1:5,000; Rockland) secondary antibody. Detection was performed with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). Microscopy. Conidia (10 4 ) from the recombinant strains of A. fumigatus were inoculated into 5 ml of GMM, poured over a sterile coverslip (22 by 60 mm; no. 1), and placed in a sterile dish (60 by 15 mm). Cultures grown for 18 to 20 h at 37°C were observed by fluorescence microscopy with an Axioskop 2 plus microscope (Zeiss) equipped with AxioVision 4.6 imaging software.
Y2H analysis. The A. fumigatus fkbA gene and its variants, including fkbA P90G and fkbA V91C and the FRB domain-encoding gene were synthesized after codon optimization for S. cerevisiae expression (GenScript) and cloned into pGADT7 or pGBKT7 (Clontech Laboratories Inc.) for Y2H analysis. S. cerevisiae SMY4-1, which lacks the FKBP12 gene (FPR1), was used to examine the interactions. ␤-Galactosidase assays were performed as previously described (38, 39) .
SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/ lookup/suppl/doi:10.1128/mBio.00492-16/-/DCSupplemental. Figure S1 , TIF file, 0.3 MB. Figure S2 , TIF file, 0.5 MB. Figure S3 , TIF file, 0.2 MB. Figure S4 , TIF file, 0.8 MB. Figure S5 , TIF file, 0.3 MB. Table S1 , DOC file, 0.1 MB. Table S2 , DOC file, 0.03 MB.
